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The dominant gain-of-function polyglutamine repeat dis-
eases, in which the initiating mutation is known, allow develop-
ment of models that recapitulate many aspects of human dis-
ease. To the extent that pathology is a consequence of disrupted
fundamental cellular activities, one can effectively study strate-
gies to ameliorate or protect against these cellular insults.Model
organisms allow one to identify pathways that affect disease
onset and progression, to test and screen for pharmacological
agents that affect pathogenic processes, and to validate potential
targets genetically as well as pharmacologically. Here, we
describe polyglutamine repeat diseases that have been modeled
in a variety of organisms, including worms, flies, mice, and non-
human primates, and discuss examples of how they have broad-
ened the therapeutic landscape.

Features of Polyglutamine Diseases

Polyglutamine repeat diseases are caused by the expansion of
an unstable CAG repeat in the coding region of the respective
disease gene (1), leading to an abnormally long polyQ3 tract,
which causes dominant pathogenesis. These protein conforma-
tion diseases are particularly insidious because they typically
become manifest later in life after having children. Nine such
disorders have been described (1, 2), including HD, SBMA,
DRPLA, and several ataxias (SCA1–3) (6–7, 17). Although the
genes affected have divergent functions, polyQ diseases share
several common features, including neuronal dysfunction and
loss in the central nervous system. Clinical features include
ataxia and other movement disorders, loss of cognitive ability,
and psychiatric disabilities.

Brief Summary of PolyQ Proteins

Pathology associated with polyQ repeat disease impacts a
range of cellular mechanisms, with both distinct and common
themes. For instance, pathology is often accompanied by accu-
mulation of the full-length protein or of proteolytically pro-
cessed fragments containing the extended polyQ repeats (Fig.
1).Mechanistic insights have emerged fromdiseasemodels that
have informed mechanisms for another polyQ disease or that
have proven consistent across diseases. A role for normal dis-
ease protein function has emerged: for ATXN1 (ataxin-1), the
presence of the mutation within the protein modifies the cellu-
lar levels of at least two distinct protein complexes that are
involved in mediating disease pathology (3), and normal activ-
ities of huntingtin (Htt) may be compromised (1, 4). Further-
more, mutant protein accumulation is often accompanied by
mislocalization in the nucleus (e.g. expanded repeat Htt). A key
role for post-translational modifications in pathogenesis has
been revealed by studies in both SCA1 and HD (reviewed in
Refs. 1, 5, and 6). Brains of SCA2 patients contain a small N-ter-
minal polyQ-containing fragment that is associated with
pathology (7), although SCA2 is the only polyQdisease inwhich
the symptoms are not tightly associated with the accumulation
of nuclear or cytoplasmic aggregates. In SCA3 or Machado-
Joseph disease, the most common dominantly inherited ataxia
worldwide, mutant ataxin-3 interacts with the ubiquitin prote-
ase cascade (reviewed in Refs. 1 and 8). SCA6 is caused by an
expansion in the �1A calcium channel gene (CACNA1), which
functions as a voltage-dependent Ca2� channel protein that
normally resides in the plasma membrane (1). ATX7, the gene
affected in SCA7, is a subunit of the GCN5 histone acetyltrans-
ferase complex that may alter a matrix-associated nuclear
structure and/or disrupt nucleolar function as well (1). SCA17,
caused by mutant TATA-binding protein (1), highlights a role
for transcription in the polyQ diseases. SBMA, caused by a glu-
tamine-expanded androgen receptor gene (1), is one of the few
polyQ repeat diseases (with SCA17) in which the normal
function of the affected protein is well established. Disease is
androgen-dependent and appears to involve translocation of
the activated receptor to the nucleus, with profound thera-
peutic implications for reduction of androgen production or
interference with androgen function (9).

Why PolyQ Diseases Are Particularly Amenable to
Development of Model Systems

PolyQ diseases are particularly amenable to modeling in a
variety of animals because the triggering event, e.g. repeat
expansion, is so clearly defined. Because they share a common
feature of expanded polyQ, it has been tempting to speculate
that a common pathophysiology underlies the polyQ disease
processes; however, there is no direct proof for that assump-
tion. Formally, disease could stem from either a common
pathophysiology resulting from unique properties of expanded
polyQ peptides or from altered function of each of the affected
proteins caused by the incorporation of expanded polyQs. The
observation that expanded polyQpeptides alone can cause neu-
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rodegenerative disease and pathology suggests that at least
some of the pathophysiology is a consequence of the special
properties of expanded polyQ (10). In particular, the amyloid
structures formed by expanded polyQ proteins share a number
of structurally distinct conformations consistent with other
amyloidogenic proteins, and antibodies directed against differ-
ent conformers can block cellular toxicity in cell culture sys-
tems (5, 6, 11). These observations suggest common structural
contributions to pathophysiology.
Despite recent progress, questions remain as to the patho-

genic agent, i.e. is it a particular conformational form, loss of
normal function, a particular proteolytic fragment, or a partic-
ular modified form of the protein? Questions also remain as to
the primary events that trigger pathogenesis versus compensa-
tory or incidental cellular responses.Modeling them in a variety
of animal systems has proven effective in elucidating themolec-
ular and cellular consequences of these expansions that lead to
disease.

Overview of Animal Models

Worms—Worms have been used to model HD, SCA3, and
pure polyQ disease (Table 1) (reviewed in Ref. 12). Parker et al.
(27) found impaired neuronal function in Caenorhabditis
elegans caused by the overexpression of Htt exon 1 with 88 or
128 glutamine repeats. The neuronal dysfunction was polyQ
length-dependent and was not accompanied by cell death.
Faber et al. (26) also observed that dysfunction of C. elegans
sensory neurons as a consequence of overexpression of Htt
exon 1-Q150was not associatedwith cell death; however, coex-
pression of a subthreshold dose of a toxic form of oncostatinM
resulted in CED-3 caspase-dependent apoptotic cell death of

the affected neurons. The Htt exon
1-Q150 model was also used to
check the therapeutic effectiveness
of potential drugs for treating HD
(13).
In an SCA3model, the expression

of either truncated or full-length
SCA3/Machado-Joseph disease
protein throughout the C. elegans
nervous system led to impaired syn-
aptic transmission and a disrupted
UPS, resulting in accumulation of
polyQ aggregates and morphologi-
cal abnormalities (14). Morimoto
and co-workers (12, 15) developed a
C. elegans model of the common
features of polyQ diseases by
expressing different lengths of
polyQ stretches with no additional
flanking sequences. They used this
model to carry out an RNA interfer-
ence modifier screen for interacting
proteins and concluded that the
polyQ diseases share a common
property of protein aggregation/
misfolding with several chaperones
involved.

Flies—The first transgenic Drosophila model of a human
neurodegenerative disease was SCA3, followed closely by a
transgenicmodel of HD and of pure polyQ tracts (Table 1) (10).
Fly models have significantly contributed to our growing
understanding of themolecular bases of these diseases (e.g.HD,
polyQ repeat, SCA1, SCA3, SCA7, and SBMA) (for reviews, see
Refs. 16 and 17).
Dominant diseases aremodeled by “humanizing” a fly so that

transgenic animals express the expanded polyQ form of a
humandisease gene or its processed fragments. Transgenic flies
containing a tissue-specific promoter fused to the yeast Gal4
transcription factor are crossedwith flies containing the gene of
interest fused to the yeast upstream activator sequence such
that offspring will express the human disease gene only in
selected tissues in a controlled manner (10). Typically, expres-
sion is driven in neurons (e.g. the elav driver) or in all cells of the
eye (e.g. the gmr driver), although other drivers are also used,
including glial-specific and neuron-specific drivers. Several
readily quantifiable assays of neurotoxicity have been used,
including measuring the loss of visible photoreceptor neurons
in the eye, monitoring developmental lethality of the organism,
measuring longevity (life span), and assaying a number of
behavioral phenotypes such as motor function (for reviews, see
Refs. 10, 16, and 18).
Mice—Mouse models for each of the polyQ diseases have

been generated, including HD, SCA1–3, SCA7, SBMA,
DRPLA, and polyQ (Table 1) (1, 19, 20), and recapitulate dis-
ease pathology with characteristic behavioral phenotypes that
can be quantitatively assessed. For Htt, mice with different
lengthHtt fragments as well as knock-in and knock-outmodels
have been made (19), with historically the most widely used

FIGURE 1. Structures of polyQ disease proteins. The polyQ expansion is indicated by inverted wedges. The
polyQ repeat size in normal individuals is adjacent to the unshaded portion, with disease range expansion in
the shaded portion. Arrows above the diagram indicate the smallest claimed pathogenic fragments (10, 12, 19).
aa, amino acids; MJD, Machado-Joseph disease; TBP, TATA-binding protein.
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being the first transgenicmodel (R6/2) expressing a pathogenic
exon 1 fragment with�150 repeats. Homozygous knock-out of
the endogenousHtt gene inmice proved to be embryonic lethal
and could be rescued by the mutant human gene (5, 6), indicat-
ing that expanded polyQ Htt still retains significant normal
activity. Several full-length knock-in models of HD have been
made (for review, seeRef. 19), although symptoms in thesemice
are milder. Yeast and bacterial artificial chromosome models
expressing the full-length expanded humanHtt gene have been
generated and recapitulate aspects of disease (19, 21). Lentiviral
injection of truncated mutant Htt into rat brain causes neuro-
logical phenotypes, thus allowing analysis in an animal with a
larger brain mass (reviewed in Ref. 21).
ADRPLAmodel expressing full-lengthAtropin-1 (19) shows

characteristic symptoms (e.g. ataxia, tremors, abnormal move-
ments, seizures, and premature death) and accumulates an
N-terminal fragment of the mutant protein in cell nuclei, indi-
cating a possible role of proteolysis in the pathogenesis. Con-
tinuing the theme of protein accumulation in disease states, all
of the proteins translated from various SCA transgenes were
found to accumulate in the nucleus of cerebellar neurons with
the sole exception of SCA2, which remained visibly localized in
the cytoplasm in mouse brains (7).
Both truncated and full-length (19, 22, 23) forms of the

expanded androgen receptor have been expressed in mice, dis-
playing many of the phenotypes that are characteristic of
SBMA, including its gender specificity (i.e. males are affected
more severely than females), the presence of nuclear aggregates
in neurons, and dependence on activation of the androgen
receptor, raising the possibility for therapeutic intervention by
modulating androgen activity. For example, leuprorelin (a
luteinizing hormone-releasing hormone agonist that reduces

testosterone release) was found to be highly beneficial in mice
overexpressing the mutant protein (19).
Non-human Primates—HD has recently been modeled in a

rhesus macaque (24) using a lentiviral vector to deliver green
fluorescent protein-tagged Htt exon 1 with 84 CAG repeats
into unfertilizedmonkey egg cells (Table 1). Interestingly, these
initial proof-of-principle experiments indicate that the Htt
transgenes used are extremely toxic, with some animals exhib-
iting movement dysfunction at birth or within a few days. This
was quite a surprise given the more leisurely course of pathol-
ogy observed with similar constructs in flies and mice.
Although more work is needed, future generations of such ani-
malsmay be extremely valuable in testing therapeutic strategies
and addressing issues such as whether primates are uniquely
sensitive to expanded polyQ insult.

Target Identification and Validation

Model organisms remain an essential tool in the search for
therapeutic strategies for neurodegenerative diseases. They
reliably recapitulate the various disease processes being stud-
ied, provide a more complete cellular context, and allow for
quantitative analysis of behavior and neuropathological fea-
tures of disease. The primary value of model organisms there-
fore lies in their ability to provide a cost- and time-effective
means to perform two main functions: 1) target identification
and 2) target validation by testing the value of specific thera-
peutic strategies and drugs in relieving disease severity.

Model Organisms in the Identification of Modifiers

Genes whose activities can be manipulated to affect patho-
genesis represent potential therapeutic targets. The use of
model organisms to identify potential disease modifiers is lim-

TABLE 1
Historical time line of polyQ repeat diseases mimicked in model organisms
To limit the number of references, each of themodels listed is containedwithin the following reviews: Refs. 1, 8, 10, 12, 19, and 20.GFP, green fluorescent protein; YAC, yeast
artificial chromosome; BAC, bacterial artificial chromosome.

Year C. elegans Drosophila Mouse Primates
1995 Transgenic SCA1 (Burright et al.), transgenic

SBMA (Bingham et al.)
1996 First HD model (R6/2 mouse), exon 1 expressed

(Mangiarini et al.)
1998 SCA3 model (Warrick et al.),

N171 Htt (first HD
model) (Jackson et al.)

Full-length Htt cDNA (HD) (Reddy et al.),
N171 Htt (HD) (Schilling et al.)

1999 Full-length Htt cDNA with 150Q
(Faber et al.)

YAC full-length Htt (Hayden mouse) (Hodgson
et al.), truncated DRPLA (Schilling et al.),
full-length transgenic DRPLA (Sato et al.),
HD knock-in (Levine et al.)

2000 PolyQ-GFP model (Satyal et al.) SCA1 model (Fernandez-Funez
et al.), polyQ model (Marsh
et al.), polyQ model
(Kazemi-Estarjani et al.)

Inducible exon 1 model (HD) (Yamamoto
et al.), HD knock-in (Wheeler et al.)

2001 PolyQ model (Parker et al.) 1st third of Htt (Laforet et al.), transgenic SCA7
(La Spada et al.), truncated transgenic SBMA
(Abel et al.), polyQ model (Adachi et al.), HD
knock-in (Lin et al.)

2002 SMBA model (Takeyama et al.) Knock-in SCA1 model (v et al.), YAC SCA3
model (Cemal et al.)

2003 Knock-in SCA1 model (Yoo et al.)
2004 Transgenic SCA3 (Goti et al.), YAC SBMA

model (Sopher et al.)
2005 N117 short stop (Slow et al.)
2006 Transgenic SCA2 (Aguiar et al.)
2007 Transgenic SCA7 (LaTouche et al.)
2008 Full-length Htt (HD) (Romero

et al.)
BAC HD model (Gray et al.) HD exon 1 model

(Yang et al.)
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ited only by the imagination of the investigator, and model or-
ganismshave led to the identification of new therapeutic targets
in several cases. For example, early studies in Drosophila
revealed histone deacetylase inhibitors as useful in the treat-
ment ofHD (10). Subsequent studies demonstrated that similar
strategies were effective in mouse models, and ongoing clinical
trials are promising (1, 10, 19). Model organisms also allow the
use of genetic screens to identify potentialmodifiers in an unbi-
ased manner. For example, screens of Drosophila models of
SCA1 and SCA3 identified loci that alter disease progression
(10, 25); the impact of altered Apaf1 in affecting polyQ disease
progression was demonstrated in flies (10); the role of the PQE
protein was noted using worms (12, 26); and the attractiveness
of HIP1 (huntingtin-interacting protein 1) in therapeutic strat-
egies was noted using both worms andmice (27). The presence
and repeat length of other endogenous polyQ repeat proteins
are found to influence pathogenesis in Drosophila (10, 28).
These examples illustrate the utility of multiple model orga-
nisms in facilitating the speed of preclinical testing.
Model organisms also offer a number of tools to identify and

validate post-translational modifications such as phosphoryla-
tion, SUMOylation, proteolytic processing, and the pathways
that regulate these processes. The importance of phosphoryla-
tion of SCA1 (reviewed in (1) and the relevance ofHtt phospho-
rylation and kinase pathways were illustrated in flies and mice
(29–31). The importance of lysinemodifications has beendem-
onstrated in flies forHtt (10). These examples suggest that these
modification pathways may be productively targeted for thera-
peutic intervention.

Identifying Pathways as Targets

On a broader scale, model organisms allow the dissection of
cellular pathways and the testing of their relevance to pathol-
ogy. A number of studies in worms, flies, and mice have illus-
trated the role of chaperones in impacting polyQdiseases (1, 10,
32, 33), thus identifying several new therapeutic avenues.
Expanding on this, Gidalevitz et al. (34) not only discovered
new therapeutic strategies but importantly provided valuable
new insight into protein homeostasis that has relevance for
many diseases and for our understanding of basic cell biology.
Their studies demonstrated that the presence of expanded
polyQ proteins facilitates overall protein misfolding of cellular
proteins. This link was recently confirmed in Drosophila
through studies of HDAC6, suggesting that it may serve as a
molecular link between the two pathways (35). Recent studies
with a fly model of SCA3 (10) and mouse models of HD (36)
point to the importance of global changes in theUPS in animals
challenged with expanded mutant proteins and reveal new
mechanisms of pathogenesis that relate to the previous global
chaperone studies in worms (37). The use of model organisms
to identify modifiers of polyQ repeat aggregation (2, 10, 37, 38)
has led to a convergence of observations with different toxic
challenges in different organisms (fly, worm, andmouse) and all
pointing to global disruption of the UPS and lysosomal path-
ways in contributing to pathogenesis. These studies of polyQ
pathology have led to a better understanding of the trafficking
and interactions in cells between various degradative processes
such as autophagy and the proteasome (1, 39, 40), and by iden-

tifying pathways critical to pathology, they invite further explo-
ration of this avenue of pathogenic modulation.
A particularly exciting recent study usedDrosophila to dem-

onstrate that microRNA pathways modulate polyQ disease
pathology, which raises new therapeutic avenues (41). Other
recent studies using a Drosophila model of SCA3 also demon-
strated a contribution of RNA to toxicity that is independent of
translation (42) and demonstrated that toxicity decreases with
imperfect repeats (e.g.CAG versusCAACAG). Using the power
of genetics, this study was able to identify genetic modifiers of
the RNA toxicity and demonstrate that both the flymuscleblind
gene and the human counterpart can modulate translation-in-
dependent RNA toxicity in Drosophila.
Using the same Drosophilamodel of SCA3, Jung and Bonini

(43) discovered that CAG repeat instability is noticeably
enhanced by transcription and that it is modulated by nuclear
excision repair.Most importantly, they found that altered levels
of CBP (cAMP-responsive element-binding protein-binding
protein), a histone acetyltransferase whose decreased activity is
implicated in polyQ disease, also lead to altered DNA repair
activity. Pharmacological treatment to normalize acetylation
suppresses instability. Thus, toxic consequences of pathogenic
polyQ protein may include enhancing repeat instability. Such
experiments would have been extremely costly and time-con-
suming to perform in mammals and illustrate powerfully how
the tools available in different model organisms can be produc-
tively used to open a whole new landscape of potential thera-
peutic intervention.

Target Validation

Model organisms are an essential tool for validating the
results of high-throughput screening for potential therapeutic
targets. Although extremely attractive for their high volume
and direct testing of compounds, high-throughput biochemical
screens are all based on assumptions that affecting a particular
biochemical process will have therapeutic value. It is absolutely
essential that these assumptions be tested in vivo. For example,
yeast two hybrid/co-immunoprecipitation screens for interact-
ing proteins identified a number of putative targets that tested
positively for therapeutic efficacy in Drosophila, which pro-
vided powerful validation for that screening approach (44).
Other screens for modifying or interacting loci have proven
valuable, e.g. Branco et al. for SCA1 and HD (50) and Lam et al.
for SCA1 (51). Finally, high-throughput screening in cells with
subsequent validation of targets inDrosophilahas identified the
profilin-actin assembly pathway as an attractive therapeutic
target for several polyQ diseases (45, 46).
Disease models are also an essential component for validat-

ing potential drugs for further testing during preclinical studies.
For example, a drug that exhibits its effect even when the pre-
sumed protein target has been removed genetically points to
alternative drug targets that may be responsible for the in vivo
effect. For example, geneticmanipulations and small molecules
in worms (47) and flies (48) have been used in combination to
reveal the complex relationship between resveratrol and sir-
tuins and between longevity and neuroprotection. Worms and
flies have also been widely used to screen for disease-suppress-
ing drugs (Refs. 13 and 49 and reviewed in Ref. 10), and flies
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have been used to test for effective drug combinations in HD
(10). An example of the effectiveness of this type of approach
can be found with Dimebon (Medivation, Inc.), the safety and
tolerability of which were originally well proven in humans for
other indications. Following testing that demonstrated effec-
tiveness in suppressing HD-like pathology in a Drosophila
model,4 phase II clinical trials have produced promising results
in terms of efficacy in improving cognitive function in HD
patients. Such examples stand as powerful validation for the
utility of animal models in validating therapeutic strategies.
Overall, these and many other studies beyond the scope of this
review demonstrate the power of model organisms to identify
and validate targets and further demonstrate that such studies
can be a very effective way to rapidly discover critical cellular
mechanisms and to improve the likelihood of success in human
trials of polyQ disease therapies.
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